A tetraploidization event took place in the cyprinid lineage leading to goldfishes about 15 million years ago. A PCR survey for Hox genes in the goldfish Carassius auratus auratus (Actinopterygii: Cyprinidae) was performed to assess the consequences of this genome duplication. Not surprisingly, the genomic organization of the Hox gene clusters of goldfish is similar to that of the closely related zebrafish (Danio rerio). However, the goldfish exhibits a much larger number of recent pseudogenes, which are characterized by indels. These findings are consistent with the hypothesis that dosage effects cause selection pressure to rapidly silence crucial developmental regulators after a tetraploidization event.
The duplications of genes and entire genomes are thought to be important mechanisms underlying the genesis of morphological variation and functional innovation (Ohno and Atkin, '66; Ohno et al., '67; Taylor et al., 2001; Wagner, 2001; Wagner et al., 2005; Crow et al., 2006) . Extensive comparative genomics studies have corroborated the proposition that gnathostomes have experienced two rounds of genome duplication (2R) (Sidow, '96; Amores et al., '98; Taylor et al., 2003; Vandepoele et al., 2004; Dehal and Boore, 2005) . Moreover, another round (3R) genome duplication, the so-called ''fish-specific genome duplication'' (FSGD) took place about 320 mya ago in the ancestral lineage of the teleosts (see e.g., Amores et al., '98; Wittbrodt et al., '98; Gregory and Hebert, '99; Taylor et al., 2003; Hoegg et al., 2004; Vandepoele et al., 2004; Hoegg and Meyer, 2005; Meyer and Van de Peer, 2005; Yan et al., 2005; Crow et al., 2006) .
Fishes exhibit remarkable variation in morphological, behavioral, and physiological adaptations. Teleosts comprise more than 97% of the approximately 25,000 species of actinopterygians (rayfinned fishes) (Nelson, '94) and are the most species-rich and diverse group of vertebrates. Several authors suggested that the FSGD is at least partially responsible for the species diversity of teleosts (e.g., Amores et al., '98; Wittbrodt et al., '98; Meyer and Van de Peer, 2005; Yan et al., 2005 ; but see Donoghue and Purnell, 2005) .
Hox genes encode for homeodomain-containing transcription factors which are orthologous to the genes in the Drosophila homeotic gene clusters (McGinnis and Krumlauf, '92; Schubert et al., '93) . They specify developmental cell fates along the anterior-posterior axis in bilaterian animals.
The increased complexity of body plans that has accompanied the evolution of higher vertebrates is a phenomenon of particular interest and importance (Martinez and Amemiya, 2002 ) and a particularly intriguing problem is the understanding of the role of Hox cluster duplications in the evolution of vertebrates. In this regard, questions such as the characterization of evolutionary patterns after the FSGD including Hox gene retention/deletion, and evolution at the nucleotide level is of particular interest (Holland et al., '94; Malaga-Trillo and Meyer, 2001; Wagner et al., 2003; Prohaska and Stadler, 2004; Hoegg and Meyer, 2005; Crow et al., 2006; Kurosawa et al., 2006) . Available DNA sequences from teleosts have shown a variety of gene retention and deletion patterns. These might possibly be relevant to the adaptive evolution during the initial teleost radiation, yet the role of the cluster duplications in vertebrate evolution is still poorly understood, especially the evolution immediately after the duplication (Wagner et al., 2003 (Wagner et al., , 2005 .
Genome duplications have been an exceedingly rare phenomenon in animals, yet they occurred somewhat more frequently in some vertebrate lineages, such as fishes, than in others (Ferris and Whitt, '77; Allendorf, '78; Wolfe, 2001 ). The shortterm impact of genome duplications is still not well understood. How is dosage balance achieved when the genome suddenly contains additional copies of a gene? Such questions have been explored in plants (Soltis and Soltis, 2000; Wendel, 2000; Chen et al., 2004; Comai, 2005) . What are the mechanisms leading to retention or loss of a duplicated gene? A partial answer to the latter questions is provided by the DDC model (Force et al., '99; Lynch et al., 2001 ). It is not clear, however, whether the situation in plants carries over to vertebrates (Furlong and Holland, 2004; LeComber and Smith, 2004) . For instance, it remains unclear how important developmental regulators, such as Hox genes, have evolved initially after gene or genome duplications. More precisely, it remains unknown how quickly and how much silencing, neofunctionalization, or subfunctionalization takes place in the aftermath of genome duplications. Comparative studies have shown that gene loss from Hox gene clusters is an ongoing process, i.e., the resolution of the postduplication redundancy is not immediate Hoegg and Meyer, 2005) .
Polyploidy occurs in several unrelated groups of fish such as salmonids, sturgeons, and cyprinids and might have played an important role in regulatory evolution (LeComber and Smith, 2004) . The importance of genome duplications in shaping the evolution of genomes can best be examined by comparative genomic analyses of sequences from several closely related organisms that vary in the number of genome duplications their lineages have experienced. In this regard, closely related diploid and tetraploid organisms provide the cleanest test situation for the investigation of ''post-ploidy'' events. Those pairwise species comparisons can be used to test the effects of those drastic genomic events, in terms of dosage balance or fast stabilization of duplicated genomes via retention/exclusion of redundant genomic DNA regions.
More than 40 species in the family Cyprinidae (mainly in the three subfamilies Cyprininae, Schizothoracinae, and Barbinae, but rare in the other subfamilies), are known to have undergone repeated genome duplication events (Chen et al., '84; Yu et al., '89; Chen, '98; Li et al., personal communication, Luo et al., unpublished data) . Various types of polyploidy have been observed: tetraploidy (N 5 4; goldfish and common carp; 2n 5 100), hexaploidy (N 5 6; Schizothorax prenanti Tchang; 2n 5 148), octaploidy (N 5 8; Carassius auratus gebelio and C.a. langsdorfi; 2n 5 2007) and, although rarely, triploidy (N 5 3; Phoxinus eosneogaeus), as well (Dawley and Goddard, '88; Yu et al., '89; Murakami et al., 2001; He et al., personal communication) .
Goldfish belong to the subfamily Cyprininae (Howes, 1991) . The ancestor of all species in this subfamily is thought to have been tetraploid (Yu et al., '89) . The most recent genome duplication event(s) in this subfamily of fish are believed to have occurred within the last 20 million years (Risinger and Larhammar, '93; Yang and Gui, 2004) . In addition, recent and recurrent hexaploids were discovered in different lineages as well (Luo et al., unpublished data) , which makes the goldfish and its relatives a particularly interesting group in which to investigate the short-term evolutionary effects of genome duplications since their duplicated genomes are still within the half life of duplicates as suggested by Lynch and Conery (2000) . This group thus appears to be an excellent model with which to test hypotheses relevant to the vertebrate genome duplication and diversification.
In particular, the fate of extra copies of crucial developmental regulators such as the Hox genes can be expected to shed some light on the mechanisms that act in duplicated genomes after a genome duplication. As a first step towards addressing these issues, a PCR survey of Hox genes in the goldfish C.a. auratus, a putative young allo-tetraploid species, was performed with the goal of determining whether a genomic screening of Hox clusters in a goldfish BAC genomic library (Luo et al., 2006 ) is likely to be fruitful. The PCR data already provided some interesting insights into the post-duplication evolution of goldfish Hox gene clusters.
MATERIALS AND METHODS
One male orange specimen of C.a. auratus was obtained commercially in Konstanz, Germany and used for genomic DNA extraction. Hox genes were amplified from its genomic DNA. The detailed extraction procedure is described in Luo et al. (2006) .
Degenerate primers for the amplification of Hox genes included the posterior Hox forward primers for paralogous groups 9-13 [5
, and the universal reverse primer [CAT CCT GCG GTT TTG GAA CCA NAT], as described by Amores et al. (2004) .
PCR reactions were conducted in a volume of 10 ml PCR cocktail that included 1 Â buffer with 0.15 mmol MgCl 2 (Sigma), 0.25 mM dNTPs (Fermantas), 0.5 U Taq DNA polymerase (Sigma), and 12-15 ng genomic DNA. Following a 2 min denaturing period at 941C, the following PCR conditions were used for the experiments both with HOX1-9 primer1universal reverse primer and HOX9-13 primer1universal reverse primer: 35 cycles at 941C for 30 sec, 501C for 30 sec, and 721C for 60 sec, followed by a final extension at 721C for 5 min.
Resulting PCR products were purified with purification columns (Qiagen). Then the purification products were ligated and cloned with the TA cloning kit (Invitrogen). Each clone was amplified again with the universal M13 forward and reverse primers and sequenced with an ABI 3100 automatic sequencer, by using an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (with AmpliTaq DNA polymerase FS, Applied Biosystems).
Hox sequences have been deposited in Genbank with accession numbers DQ630465-DQ630513 for all unique sequences. Some clones shared the same sequence, and the clone number information was included in the Genbank entry.
The sequences of 73 PCR clones and their reverse complements were aligned using ClustalW (Thompson et al., '94) to identify identical clones. Blastn searches in Genbank were used to reconfirm that the sampled sequences were not contaminations. The DNA sequences were then translated in all six possible reading frames and compared to known homeodomain-containing proteins to obtain the putative Hox protein sequence fragments. Several PCR products had one or two deletions, a single clone (H01 56 15) had two inserted nucleotides relative to the standard homeobox sequence. Based on peptide sequence identity with known Hox genes, DNA sequences could be assigned unambiguously to paralog groups (PG) 1, 3, 9, 11, 13, as well as to a more poorly resolved ''middle group'' gene (paralog groups 4-7). The automated phylogenetic key for classifying homeoboxes described by Sarkar et al. (2002) unfortunately is not applicable since it requires homeobox fragments that are longer than 27 amino acids.
11 PCR clones did not correspond to Hox genes, and were tentatively identified as two copies of the HB9-type homeobox gene hlxb9la. The remaining 62 Hox homeobox sequences were analyzed further. In addition, we re-analyzed the 11 previously published Hox homeobox fragments by Levine and Schechter ('93 ) (see Table 1 ).
Due to the relatively close phylogenetic relationship between C.a. auratus and Danio rerio, most but not all PCR products could be unambiguously identified as orthologs of one of the 49 zebrafish Hox genes. To this end, we measured the Hamming distance D of the goldfish Hox sequences (as well as the sequences from Levine and Schechter ('93) ) to each of the zebrafish sequences. For comparison, we determined for each zebrafish Hox fragment the Hamming distance D to the closest other Hox fragment. If a C.a. auratus sequence x was significantly closer to a unique D. rerio x 0 sequence than this D. rerio sequence x 0 was to any other D. rerio sequence y 0 , we could conclude that x was the true ortholog of x 0 . More formally, we assumed that goldfish sequence x was homologous to zebrafish sequence
For the computation of the Hamming distance we treat gaps as fifth character. Since gaps only occur in the pseudogenes, this simple choice does not affect the assignment of genes to paralog groups. Through this method we could identify the orthology relationships of most of the PCR fragments (Table 1) .
The identities of the PCR fragments were also investigated by reconstructing phylogenetic trees using different methods following the procedure outlined by Prohaska and Stadler (2004) . Neighbor-joining (Saitou and Nei, '87) , parsimony, and maximum likelihood analysis for each PG was performed using the Phylip package (Felsenstein, '89) , using other teleost Hox homeobox fragments for comparison (D. rerio, Tetraodon nigroviridis, Takifugu rubripes, Oryzias latipes, and Fundulus heteroclitus). In most cases goldfish sequences are grouped with a unique zebrafish sequence in these trees. Bootstrap support for this grouping is at least 70% in all cases not marked by ''?'' in Table 1 . Furthermore, all assignments derived from the trees are consistent with those listed in Table 1 . Phylogenetic trees as well as neighbor nets (Bryant and Moulton, 2004 ) (computed using SplitsTree of Huson ('98), based on the JukesCantor distance) are compiled in the electronic supplement (URL: http://www.bioinf.uni-leipzig. de/Publications/SUPPLEMENTS/06-007/). We use the neighbor-net approach in addition to classical phylogenetic methods as it provides a convenient graphical representation of noise and ambiguities in the data. Quartet Mapping (Nieselt-Struwe and , was used to provide further corroborating evidence (data not shown), again with consistent results. In this method, we treated gaps as missing data: for each quadruple we ignored all those columns in the alignment in which at least one gap was contained in one of the four sequences under consideration.
RESULTS
The combined dataset of our PCR products and the sequences reported in Levine and Schechter ('93) yield 26 distinct Hox gene fragments in the goldfish C.a. auratus. The orthology relationships of all but two genes could be identified with confidence (Table 1) . We observe sequence variations from different clones that were apparently amplified from a single orthologous Hox gene (also Table 1 ). Due to the short sequence length it is not possible to determine whether this variation is due to allelic variants, divergence of duplicate genes (i.e., paralogous genes) following the recent tetraploidization, or whether it might be due to potential sequencing artifacts. Sequence variation is concentrated, however, in a small number of sequence groups, suggesting relaxed selection in at least one copy of the duplicated genes.
Two groups of Hox3 sequences seem to be recent pseudogenes as judged by the existence of indels in the homeobox sequences. An alignment of the putative HoxB3a sequences is shown in Figure 1 . On the other hand, expression of L09697 (G11-4), which is indistinguishable from the HoxB3a PCR products, has been reported in the goldfish brain (Levine and Schechter, '93) . The discrepancy is that only one copy of HoxB3a in the tetraploid goldfish might have turned into a pseudogene.
Similarly, various deletions suggest that HoxB10a is a pseudogene in goldfish and for the HoxA3a gene we found only two sequences with a deletion at the same position (not shown). A single clone similar to zebrafish HoxD13a has two inserted A residues as well as a conspicuous run of T nucleotides, strongly suggesting that it is either a PCR artifact or a real pseudogene.
Since we consistently find indels in independent amplifications belonging to the same Hox genes, we conclude that PCR or cloning-induced errors are an unlikely explanation for the observed ''corrupt'' homeobox sequences. Rather, at least both Hox3 paralogs as well as HoxB10a are most likely true pseudogenes.
It has been reported previously that homeobox fragment L09690 (G5-1) corresponds to a rare 1.4 kb transcript that is expressed in the goldfish brain (Levine and Schechter, '93) . Comparison with other Hox2 sequences (Fig. 2) shows that this sequence is homologous to the HoxA2a pseudogene of zebrafish. This observation implies that HoxA2a was lost in zebrafish after the split of the Danio and Carassius lineages.
We are thus left with two single PCR clones for which no detailed assignment can be made. One of them belongs to PG13. By comparison with the Hox gene complement of the zebrafish, it is tempting to speculate that this is the ''missing'' HoxC13b gene. The second sequence belongs to the middle group and differs by 13 nucleotides from HoxA5a. Table 1 .
DISCUSSION
The results of the PCR survey data and the published sequences from Levine and Schechter ('93) are summarized in Figure 3 in comparison to the Hox cluster complement of the zebrafish. D. rerio has 49 Hox genes in seven tightly linked clusters, all of which are expressed in the adult fish (Corredor-Ad'amez et al., 2005) . In addition, there are at least two pseudogenes, HoxA2ac and HoxA10ac in the zebrafish Hox clusters. Not surprisingly, the homeobox fragments reported here indicate that the Hox cluster organization of goldfish is similar, but not identical to that of zebrafish.
Surprisingly, the pseudogenes found in the Hox clusters of zebrafish and goldfish are different. While at least one of the zebrafish pseudogenes, the pseudogene of HoxA2a, is expressed in goldfish, the PCR results strongly suggest that several intact zebrafish genes: HoxB10a, Hox3a, and possibly also HoxA3a might have evolved into pseudogenes in the goldfish lineage. In the Hox10 paralog group, zebrafish has lost HoxA10a completely, while in the goldfish HoxB10a has recently turned into a pseudogene. Even taking into account that our PCR survey covers only 19 (or 25, if we include the data from Levine and Schechter ('93) ) of the expected roughly 50 Hox genes, we already detect strong indications that pseudogene formation is much more prevalent in goldfish (3-5 of 25 PCR fragments) than in zebrafish (2 of 51 genes).
Dosage effects might plausibly cause selection pressure to lose redundant Hox genes through the formation of pseudogenes. In this context, it is intriguing that our examples of pseudogenes are recognizable mostly because they contain indels in Fig. 2 . Neighbor-net analysis of Hox2 genes strongly suggests that L09690 (Levine and Schechter, '93 ) is orthologous to the zebrafish HoxA2a pseudogene. Dr-Danio rerio, Hf-Heterodontus francisci, Lm-Latineria menadonesis. the homeobox, which would almost certainly render the gene non-functional even if it was still expressed.
Pseudogenes are formed by random mutations that create either stop codons which prematurely terminate the full-length functional expression product, or by insertion/deletions causing a shift of the reading frame, thereby rendering the translated protein non-functional. Although the substitution pattern in pseudogenes is not completely random, pseudogenes are under nearly selective neutrality (Gojobori and Li, '82; Li et al., '84; Li, '97) . In theory, the pseudogene formation happens as likely via both stop codon creation as indels. Yet in our study of the goldfish Hox pseudogenes, indels seem to be dominant. This biased pattern might arise from the selective pressure of removing the gene product soon after the duplication event, a potential effect that will require further investigation. Moghadam et al. (2005a,b) have indicated there were at least 14 Hox gene clusters in trout and salmon (family Salmonidae). This group of fish was thought to have evolved from an ancestor in which an autotetraploidization event occurred 25-100 Mya (Ohno, '70; Allendorf and Thorgaard, '84) . If goldfish has retained most of its duplicated genome following the recent tetraploidization, we would expect 14-16 Hox gene clusters, a similar number to the salmon fishes (Risinger and Larhammar, '93; Amores et al., 2004; Yang and Gui, 2004) . Also, due to the recent tetraploidization event we expect that only a few mutations accumulated between the homeobox sequences of the paralogs. As a consequence, we cannot distinguish with certainty recent paralogs from allelic variants, and hence cannot determine a minimum number of retained clusters at present. Luo et al. (2006) identified two copies of the recombinase-activating gene 1 (RAG1) from a goldfish genomic BAC library, while in zebrafish only a single-copy gene exists. Divergence analysis of RAG1 dated the gene duplication 14.2-14.5 Mya, in agreement with previous dating of the goldfish-specific gene duplication (Risinger and Larhammar, '93; Yang and Gui, 2004) , it is likely that the duplication of RAG1 was caused by the genome duplication event in the goldfish lineage. This suggests that the initially functional genes were turned into pseudogenes within the last 15 Mya. This age estimation is consistent with the relative small branch lengths that still allow a confident classification of the goldfish Hox genes.
In summary, our PCR survey demonstrates that there is a high rate of pseudogene formation dominated by indels in the pseudogenes of goldfish Hox genes. This is consistent with the expectation that there are more Hox clusters in the goldfish genome which have lost functional Hox genes, thereby reducing redundancy following the recent tetraploidization event. Due to the small evolutionary distance, however, extensive sequencing of BAC clones of one individual containing goldfish Hox clusters will be necessary to obtain a more complete understanding of the processes involved in this secondary gene loss and immediate evolution after duplication.
